
enhance anticancer immune responses7. In 
addition, high protein intake significantly 
increases the risk of death from cancer in 
people aged 50 to 65 (although the opposite 
correlation is seen in people over 65)8. Given 
these previous observations, Gomes and col-
leagues’ work should stimulate more interest 
in the relationship between protein intake and 
age-associated cancer risks.

All the people in this study who had high 
plasma levels of MMA seemed to be can-
cer-free, suggesting that the effects of MMA 
are specific to cancer spread in the body, 
rather than to initial cancer formation. Cancer 
initiation and spread are distinct processes 
that involve different molecular mecha-
nisms9. If future studies can confirm that MMA 
specifically affects metastasis in humans in the 
same way that Gomes et al. have demonstrated 
it does in vitro and in mice, this molecule will 
stand apart from many previously known 
ageing-related causes of cancer, including 
environmental factors and genetic mutations. 
Further investigation into the timing of MMA‘s 
effects could then inform the optimal timing 
for therapeutic use of MMA-blocking agents, 
if they become available. 

A final question is how MMA stimulates 
gene-expression changes associated with 
metastasis at a molecular level. The authors 
hypothesized that MMA activates transcrip-
tion of the gene TGF-β2; this gene is part 
of a TGF-β signalling pathway that, in turn, 
promotes SOX4 expression. But how MMA 
enhances the transcription of TGF-β2 remains 
to be seen.

Answers to these questions will further our 
understanding of metabolic changes and their 
roles in cancer development. Regardless of 
the answers, Gomes and colleagues’ study has 
broadened our view of cancer risk factors, by 
drawing attention to the role of metabolism in 
ageing-associated cancer progression.
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An energy-efficient way to improve the 
performance of electronics systems would be 
to integrate microfluidic cooling channels into 
chips, to prevent overheating. However, state-
of-the-art microfluidic cooling systems have 
previously been designed and constructed 
separately from electronic chips, preventing 
the channels from being integrated into cir-
cuits to provide direct cooling at hotspots. 
Because such integration greatly increases the 
complexity of chip fabrication, it would poten-
tially increase the cost. On page 211, van Erp 
et al.1 report an electronic device designed 
to have an integrated microfluidic cooling 
system that closely aligns with the electronic 
components, and which is constructed using 
a single, low-cost process.

Power electronics are solid-state electronic 
devices that convert electrical power into 
different forms, and are used in a vast array 
of daily applications2 — from computers to 
battery chargers, air conditioners to hybrid 
electric vehicles, and even satellites. The 
rising demand for increasingly efficient and 
smaller power electronics means that the 
amount of power converted per unit volume 
of these devices has increased dramatically. 
This, in turn, has increased the heat flux of 
the devices — the amount of heat produced 
per unit area. The heat generated in this way 
is becoming a big problem: data centres in 
the United States consume the same amount 
of energy and water to cool their computer 
technology as does the city of Philadelphia 
for its residential needs1.

Microfluidic cooling systems have great 
potential for lowering the temperature of 
electronic devices, because of the efficiency 
with which heat can be transferred to these 
systems. In general, three microfluidic cooling 
designs have been developed. The first is used 
to cool chips that are covered by a protective 
lid. Heat is transferred from the chip, through 
the lid, to a cold plate that contains micro-
fluidic channels through which a liquid cool-
ant flows3. Two layers of a thermal interface 
material (TIM) are used to aid the transfer of 

heat from the lid to the cold plate: one between 
the lid and the plate, and the other between the 
lid and the die (the wafer of semiconductor 
from which the chip is made). 

In the second design, the chip has no lid, and 
so heat is transferred directly from the back of 
the chip through a single TIM layer to a micro-
fluidically cooled plate3. The main drawback 
of these two approaches is the need for TIM 
layers — even though TIMs are designed to 
transfer heat effectively4, resistance to heat 
flow still arises at the interfaces between the 
TIM layers and the die, lid and cold plate. 

An efficient way to overcome this problem 
is to bring the coolant into direct contact with 
the chip — this is the third general design. For 
example, bare-die direct jet cooling is a val-
uable technique in which a liquid coolant is 
ejected from nozzles in microchannels directly 
onto the back of the chip5–7. This approach 
cools highly efficiently because there is no 
TIM layer, and no changes are needed in the 
process used to make the chip. However, 
manufacturing the microfluidics device is 
generally expensive. Low-cost, polymer-based 
techniques8 have been developed, but are not 
compatible with the existing production and 
assembly processes for electronic devices.

Another approach that brings coolant into 
direct contact with the back of the chip is 
embedded liquid cooling9,10, in which a cold 
liquid is pumped through straight, parallel 
microchannels (SPMCs) etched directly in the 
semiconductor device. This effectively turns 
the back of the chip into a heat sink, and offers 
great cooling performance. However, the die 
needs extra processing, compared with the 
other methods. A major drawback of SPMCs 
is that the pressure in the channels rises con-
siderably as the fluid passes through, which 
means that a high-power pump is needed. This 
increases energy consumption and costs, and 
generates potentially damaging mechanical 
stress on the semiconductor device. Another 
big disadvantage is that a high temperature 
gradient is produced across the chip, which 
can induce thermo-mechanical stress and 
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Miniaturized electronic devices generate a lot of heat, which 
must be dissipated to maintain performance. A microfluidic 
system designed to be an integral part of a microchip 
demonstrates exceptional cooling performance. See p.211
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cause local warping of the thin die.
Three-dimensional cooling systems known 

as embedded manifold microchannels11,12 
(EMMCs) have great potential for reducing 
pumping-power requirements and temper-
ature gradients compared with SPMCs. In 
these systems, a 3D hierarchical manifold — 
a channel component that has several ports 
for distributing coolant — provides multi-
ple inlets and outlets for embedded micro-
channels, thereby separating the coolant 
flow into multi ple parallel sections. However, 
integrating EMMCs into the chips of power 
electronic devices increases the complexity 
and cost of constructing the devices. Previ-
ously reported EMMCs have therefore been 
designed and fabricated as separate modules, 
which are subsequently bonded to a heat 
source or a commercial chip to assess their 
cooling properties. 

Van Erp et al. have made a breakthrough 
by developing what they describe as a mono-
lithically integrated manifold microchannel 
(mMMC) — a system in which EMMCs are 
integrated and co-fabricated with a chip in a 
single die. The buried channels are therefore 
embedded right below the active areas of 
the chip, so that the coolant passes directly 
beneath the heat sources (Fig. 1). 

The construction process for mMMCs 
involves three steps. First, narrow slits are 
etched into a silicon substrate coated with a 
layer of the semi conductor gallium nitride 
(GaN); the depth of the slits defines the depths 
of the channels that will be produced. Next, 
a process known as isotropic gas etching is 
used to widen the slits in the silicon to the 
final widths of the channels; this etching pro-
cess also results in short sections of channels 
becoming connected to produce longer chan-
nel systems. Finally, the openings in the GaN 
layer at the top of the channels are sealed off 
with copper. An electronic device can then be 
fabricated in the GaN layer. Unlike previously 
reported methods for making manifold micro-
channels, van Erp and colleagues’ process 
requires no bonding or interfaces between 
the manifold and devices. 

The authors also implemented their design 
and construction strategy to create a power 
electronic module that converts alternating 
current (a.c.) to direct current (d.c.). Experi-
ments with this device show that heat fluxes 
exceeding 1.7  kilowatts per square centi-
metre can be cooled using only 0.57 W cm–2 of 
pumping power. Moreover, the liquid-cooled 
device exhibits significantly higher conversion 
efficiency than does an analogous uncooled 
device, because degradation caused by 
self-heating is eliminated.

Van Erp and colleagues’ results are impres-
sive, but as with any technological advance, 
there is more to be done. For example, the 
structural integrity of the thin GaN layer needs 
to be studied over time, to see how long it is 

stable for. Moreover, the authors used an 
adhesive that has a maximum operating tem-
perature of 120 °C to connect the microchan-
nels in the devices to fluid-delivery channels 
in the supporting circuit board. This means 
that the assembled system would not sur-
vive higher temperatures, such as the typical 
temperature (250 °C) involved during reflow 
soldering — a process commonly used in the 
manufacture of electronic devices13. There-
fore, fluidic connections that are compatible 
with the temperatures used in manufacturing 
will need to be developed. 

Another future direction of research would 
be to implement the mMMC concept in a state-
of-the-art design for an a.c.-to-d.c. converter — 
the design reported by van Erp and co-workers 
is a simple test case. Furthermore, the authors 
implemented only single-phase cooling with 
liquid water in their experiments (that is, the 
water did not get so hot that it became a gas). 
It would be useful to characterize the cooling 
and electrical performance of their devices 
in a two-phase flow-cooling system, in which 
heat is dissipated by the evaporation of a fluid. 
Finally, water might not be the ideal coolant for 
real-world applications, because of the risk of 
it freezing or coming into direct contact with 

the chip. Future work should examine the use 
of different liquid coolants. 

Despite the challenges still to be addressed, 
van Erp and colleagues’ work is a big step 
towards low-cost, ultra-compact and ener-
gy-efficient cooling systems for power 
electronics. Their method outperforms state-
of-the -art cooling techniques, and might 
enable devices that produce high heat fluxes 
to become part of our daily lives.

Tiwei Wei is at the Interuniversity 
Microelectronics Centre, Leuven 3001, 
Belgium, and at KU Leuven, Leuven. 
e-mail: tiwei32@stanford.edu

1. van Erp, R., Soleimanzadeh, R., Nela, L., Kampitsis, G. & 
Matioli, E. Nature 585, 211–216 (2020).

2. Bose, B. K. IEEE Ind. Electron. Mag. 3, 7–11 (2009).
3. Moore, A. L. & Shi, L. Mater. Today 17, 163–174 (2014).
4. Hansson, J., Nilsson, T. M. J., Ye, L. & Liu, J. Int. Mater. Rev. 

63, 22–45 (2018).
5. Brunschwiler, T. et al. Proc. ITherm 196–203 (2006).
6. Wang, E. N. et al. J. Microelectromech. Syst. 13, 833–842 

(2004).
7. Acikalin, T. & Schroeder, C. Proc. ITherm 673–679 (2014).
8. Wei, T. et al. IEEE Int. Electron Devices Meet. 32.5.1–32.5.4 

(2017).
9. Tuckerman, D. B. & Pease, R. F. W. IEEE Electron Device 

Lett. 2, 126–129 (1981).
10. Phillips, R. J. Lincoln Lab. J. 1, 31–48 (1988).
11. Harpole, G. M. & Eninger, J. E. Proc. 7th IEEE Semi-Therm 

Symp. 59–63 (1991).
12. Jung, K. W. et al. Proc. ITherm 98–104 (2017).
13. Pan, J., Toleno, B. J., Chou, T. & Dee, W. J. Solder. Surf. 

Mount Technol. 18, 48–56 (2006).

Figure 1 | An integral cooling system for microchips. Van Erp et al.1 have developed a general design for  
the chips of electronic devices in which a system of microchannels is co-fabricated with the chip, and  
acts as a cooling system. Cold water is passed through a manifold, which feeds the water into microchannels 
made of silicon. The water passes directly beneath a layer of gallium nitride, a semiconductor, which 
contains the components of the electronic device (not shown). The cold water thus efficiently dissipates 
heat produced by the device, ensuring good performance. Metal contacts at the top seal the channels. 
(Adapted from Fig. 1a of ref. 1.) 
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“The authors’ work is a 
big step towards low-cost, 
ultra-compact and energy- 
efficient cooling systems for 
power electronics.”
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